Abstract
2 on the land surface temperature (LST), a key driver for many ecological functions. Despite the 28 large historic land transformation in Indonesia toward oil palm and other cash crops and 29 governmental plans for future expansion, this is the first study so far to quantify the impact of 30 land transformation in Indonesia on LST. We analyse LST from the thermal band of a Landsat 31 image and produce a high resolution surface temperature map (30m) for the lowlands of the 32 Jambi province on Sumatra (Indonesia), a region of large land transformation towards oil palm 33 and other cash crops over the past decades. We compare LST, albedo, Normalized Differenced 34
Vegetation Index (NDVI), and evapotranspiration (ET) of seven different land cover types 35 (forest, urban areas, clear cut land, young and mature oil palm plantations, acacia and rubber 36 plantations) and show that forests have lower surface temperatures than these land cover types 37 indicating a local warming effect after forest conversion with LST differences up to 10.09 ± 2.6 38 ºC (mean ± SD) between forest and clear cut land. The differences in surface temperatures are 39 explained by an evaporative cooling effect offsetting an albedo warming effect. Our analysis of 40 the LST trend of the past 16 years based on MODIS data shows that the average daytime surface 41 temperature of the Jambi province increased by 1.05 ºC, which followed the trend of observed 42 land cover changes and exceed the effects of climate warming. Our study provides evidence NASA's online atmospheric correction (ATCOR) parameter tool to derive parameters to correct 221
Landsat thermal band for atmospheric effects (see Satellite data). We also used air temperature 222 and relative humidity from two eddy covariance flux towers located in the study area (Meijide 223 et al., 2017) one in a young oil palm plantation (two years old, S 01°50.127', E 103°17.737'), 224 and the other one in a mature oil palm plantation (twelve years old, S 01°41.584', E 225 103°23.484'). At these flux towers, air temperature and relative humidity were measured above 226 the canopy respectively with the same instruments as in the reference meteorological stations 227 (see Meijide et al. (2017) , for description of methodology). In the flux tower located in the 228 mature oil palm plantation, we also measured surface canopy temperature between August 2014 229 and December 2015, which was compared to MODIS LST estimates from the same period. 230
Measurements of canopy temperature were performed with two infrared sensors (IR100) 231 connected to a data logger, (CR3000) both from Campbell Scientific Inc. (Logan, USA). For a 232 regional coverage we used ERA Interim daily air temperature grids 233 (http://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/; (Dee et al., 2011) where εNB is the emissivity of the surface obtained from the NDVI (Supporting information, 293 Table S1 ), k1 (= 666.09 mW/cm 2 /sr/μm) and k2 (= 1282.71 °K) are sensor constants for 294 converting the thermal radiance obtained from band 6 of Landsat 7 to surface temperature. 295
The surface temperature derived from Landsat thermal band was compared with a MODIS LST 296 product that was acquired on the same day at 10:30 am local time. For this, the Landsat LST 297 image was resampled to MODIS resolution to enable a pixel to pixel comparison, followed by 298 extracting the average LST of 7 land cover types using the data set containing the large 299 delineated plots (Fig. 1) . m as input. SEBAL is described in Bastiaanssen (2000) and Bastiaanssen et al. (1998a Bastiaanssen et al. ( , 1998b . 341
The application of SEBAL in this research is briefly described in the supporting information 342 (S3: ET from satellite images). 343 344 2.5 Local short term differences between different land cover types 345
346
From the created LST, NDVI, Albedo and ET images we extracted the average values of the 347 different land cover classes. For this we used the dataset containing the small 49 delineated 348 plots covering 7 different land cover types (Fig. 1) . The average effect of land transformation, 349
i.e. the change from forest to another non-forest land cover type, on the surface temperature Information S4 and S5). RU and MOP were 0.4 ± 1.5 °C and 0.8 ± 1.2 °C warmer than forest, 453
respectively. PF and YOP were much warmer than forests (∆LSTPF -FO = 2.3 ± 1.1 °C, ∆LSTYOP 454 -FO = 6.0 ± 1.9 °C). The largest ∆LSTs were between forest and the non-vegetated land cover 455 types, i.e. UB (∆LST = 8.5 ± 2.1 °C) and CLC (∆LST = 10.9 ± 2.6 °C). The LST differences 456 were significant (p < 0.05, post-hoc Tukey's HSD test), except between RU and FO (p = 0.78, 457 post-hoc Tukey's HSD test (Supporting Information S6, Table S6.1 & table S6 .2). 458 459 Similar differences were found for the ∆NDVI between forest and other land covers (Fig. 4b) . 460
The negative ∆NDVI indicates that the non-forest land cover types had lower NDVI than forest. (Table S6. 
509
The average annual LST of the province was characterized by a fluctuating but increasing trend 510 during daytimes (Fig. 5a and 5b) (Fig. 5b) , the night and evening LST with 0.01°C per year (Fig. 5c and 5d, In our study we retrieved the surface temperature from a Landsat image and compared this with 554 MODIS LST. Our results showed a good agreement between both LSTs (Fig. 3) , which is 555 comparable to other studies and thus gives confidence in our analysis. Bindhu et al. (2013) 556 found also a close relationship between MODIS LST and Landsat LST using the same 557 aggregation resampling technique as our method and found R 2 of 0.90, a slope of 0.90, and an 558 intercept of 25.8 for LST, compared to our R 2 of 0.8, slope of 1.35 and intercept of -11.58 (Fig.  559 3). Zhang and He (2013) validated Landsat LST with MODIS LST and also found good 560 agreements (RMSD 0.71 -1.87 ºC) between the two sensors, where we found a RMSE of 1.71 561 ºC. Nevertheless, there still are differences and slope versatility between the two satellite 562 sources. These differences are typically caused by differences between MODIS and Landsat 563 sensors in terms of (a) different sensor properties e.g. spatial and radiometric resolution and 564 sensor calibration; (b) geo-referencing and differences in atmospheric corrections (Li et 
29
The land cover types in our study covered a range of land surface types that develop after forest 602 conversion. This is the first study in this region that includes oil palm and rubber as land use 603 types that develop after forest conversion. The coolest temperatures were at the vegetated land 604 cover types while the warmest surface temperatures were on the non-vegetated surface types 605 like urban areas and bare land. Interestingly, the oil palm and rubber plantations were only 606 slightly warmer than the forests whereas the young oil palm plantations had clearly higher LST 607 than the other vegetated surfaces. LST between forests and bare soils or young oil palm plantations that we observed, a substantial 615 warming effect of land transformation at regional scale is expected. 616 617 618 4.3 Drivers of local differences between different land cover types 619 620 All land cover types (except Acacia Plantation Forests) had a higher albedo than forest, 621 indicating that these land cover types absorbed less incoming solar radiation than forests. 622
Nevertheless, these land cover types were warmer than forests, suggesting that the albedo was 623 not the dominant variable explaining LST. Indeed, the statistical analysis showed that ET ~ 624 LST had a higher correlation than albedo ~ LST. The ΔETs were significant, underlying that 625 despite their higher albedo all land cover types had higher LSTs than forests due to lower ET 626 rates than forests. Vice versa, forests that absorb more solar radiation due to the lower albedo, 627 warming effects in all tropical climatic zones (Alkama and Cescatti, 2016) . We point here that 687 our study (1) included a ground heat flux, but did not take into account the storage of heat in 688 the soil and the release of stored heat out of the soil during the daily cycle and (2) that the 689
Landsat satellite image was obtained under cloud free conditions with high shortwave radiation 690 input and low fraction of diffuse radiation. Therefore, the LST retrieved on cloud free days 691 might be overestimated compared cloudy days where the differences in LST between land uses 692 are supposed to be less when diffuse radiation increases. 693
694
Our study is the first to include the oil palm and rubber expansion in Indonesia. In Indonesia, 695 smallholders take 40% of the land under oil palm cultivation for their account (Dislich et al., 696 2016) . Since the landscape in the Jambi province is characterized by small-scale smallholder-697 dominated mosaic including rubber and oil palm monocultures (Clough et al., 2016) , studies 698 using medium to coarse resolution data are not able to capture the small scale changes and 699 processes at the small-scale level. By using high resolution Landsat data we were able to also 700 
756
The observed trends of province air temperature (Fig. 5f ) were significant, suggesting that a 757 general warming due to global and regional effects contributes to the observed warming at 758 province level during day and night time, but is smaller than the land cover change induced 759 effects (Supporting Information S9, Table S9 .1 & S9.2) at provincial level ( Fig. 5a and 5b) . 
Conclusion 782 783
In summary, we showed the importance of forests in regulating the local and regional climate. 784
We derived biophysical variables from satellite data, analyzed the biophysical impacts of 785 deforestation and on a local scale we found a general warming effect after forests are 786 transformed to cash or tree croplands (oil palm, rubber, acacia) in the Jambi province of 787 Sumatra. The warming effect after forest conversion results from the reduced evaporative 788 cooling, which was identified as the main determinant of regulating the surface temperature. 789
On a regional scale, we saw that the effects of land cover changes are reflected back in changes 790 of the LST, NDVI and air temperature of the Jambi province. 
